Introduction
Fuel cells are electrochemical devices that convert the chemical energy stored in a fuel directly into electrical power. The most common classification methods of fuel cells are electrolyte type, operating temperatures, and the charge mechanism. SOFCs have potential to be the cleanest and the most efficient devices for cost-effective conversion of a wide variety of fuels, including hydrogen, hydrocarbons, coal gas, and bio-derived renewable fuels to electricity. Also, SOFCs are particularly attractive due to their special features such as; great fuel flexibility, the feasibility of fuel internal reforming, high energy conversion efficiency, low emission noise, and the potential applicability in the highly efficient cogeneration power systems. Furthermore, with the increasingly visible multi-fuel capability, solid oxide fuel cells are being paid more attention recently [1] [2] [3] [4] . SOFCs are classified according to their shapes: planar, cylindrical and flat-tube fuel cells. Planar SOFCs provide low electronic resistance and easy stacking, but it is difficult to prevent gas leakage. Modeling and optimization can play an important role towards these goals. There is a need for accurate models suitable for optimization that will allow the exploration of the design space in a fast and accurate way.
However, further development of the planar SOFC faces challenges related to maximizing the power density and minimizing the non-uniform distribution of temperature, which contributes to thermal stress in the SOFC components. Nowadays, SOFCs are still not commercially available mainly because of their high manufacturing costs and low durability [5] [6] [7] [8] .
There have been numerous studies in recent years on SOFC. Costamagna et al. [9] investigated basic unit of a modular plant which is containing an electro-chemical reactor formed by a number of Integrated Planar Solid Oxide Fuel Cell (IP-SOFC) modules, and a reforming reactor. Razbani et al. [10] analyzed the effect of current and oven temperature on solid oxide fuel cell performance. Increasing current density results in higher temperature gradient. Higher oven temperatures, on the other hand, improve temperature uniformity. Yan et al. [11] built a 3-cell stack of anode supported planar solid oxide fuel cell to evaluate the application of an external-manifold design. Also, a two-cell planar stack in the Julich Institute of Energy and Climate Research in Germany F-design with solid oxide cells was investigated by [12] . Jin et al. [13] presented effect of contact area and depth between cell cathode and interconnect on output power density and degradation of stack for planar SOFCs systematically. The results indicate that the Maximum Output Power Density (MOPD) of repeating units inside stack increases firstly and then decreases slightly with the increasing interface contact area and depth, respectively. Djamel et al. [14] investigated the effect of the hydrogen and the air temperature values on the temperature distribution in a Planar Solid Oxide Fuel Cell with the aid of a two dimensional mathematical model. Kim et al. [15] performed high-temperature electrolysis with various gas compositions to investigate the effects of the hydrogen partial pressure and the humidity generated by the steam electrode on the performance and durability of solid oxide electrolysis cells.
The power density of the button cell used in this research was 0.48W/cm 2 at 750
• C, and the flow rates of the air and humidified hydrogen were 100 cc/min 1 . Lima et al. [16] fabricated a large-area (10X10 cm 2 ) anodesupported solid oxide fuel cell and tested in a single cell stack. The gas over potential can be depressed by increasing the fuel flow rate, i.e., enhancing the effective gas exchange over the anode. It is important to distinguish this additional over potential due to operating conditions such as gas flow rate and gas composition from the other polarization phenomenon caused by the electrochemical performance of the anode itself. In the review papers, the application of SOFC technology in power generation sector studied by [17] and Secanella et al. [18] discussed the strengths, limitations, advantages, and disadvantages of optimization formulations and numerical, optimization algorithms, and insight obtained from previous studies. The new cathode processing technique is presented by Vitoriano et al. [19] provides a more economical, lower temperature SOFC production route with no detrimental effect on device efficiency.
Computational Fluid Dynamics (CFD) method was used by [20, 21] to perform for the flow distribution in planar solid oxide fuel cell. The calculations were based on 3D models with realistic geometric and operational parameters. The effects of design parameters, such as the channel height and length, the height of the repeating cell unit and the manifold width, on the flow uniformity were examined.
In the literature mentioned above, most of the SOFC studies mainly focus on the effect of the cell temperature and reactant flow rate parameters on the performance. Defining of operation condition, limited and expensive components and high experimental and commercial systems cost are mainly disadvantages of the research of fuel cells. In order to eliminate such kind of factors, predetermination of alternative parameters gets time and economic benefit. Recently, some statistical techniques like RSM has been using for analyzing the effects of several independent variables on the dependent variables. Modeling and optimization can play an important role towards these goals. There is a need for accurate models suitable for optimization that will allow the exploration of the design space in a fast and accurate way.
A few researchers, who are working about polymer electrolyte membrane type fuel cells [22] and direct methanol type fuel cells [23] , applied RSM to their studies. But, this methodology has not been applied for SOFC studies. In this study, SOFC model was analyzed by using RSM to find suitable parameters and to optimize operation conditions.
Governing Equations of SOFC
Fuel cells are devices that convert the chemical energy contained in a fuel electrochemically into electrical energy. The basic physical structure of a fuel cell consists of an electrolyte layer in contact with an anode and a cathode on either side [24] . In a typical fuel cell, fuel is fed continuously to the anode (negative electrode) and an oxidant (oxygen or air) is fed continuously to the cathode (positive electrode). The electrochemical reactions take place at the electrodes to produce an electric current through the electrolyte, while driving a complementary electric current that performs work on the load.
Figure 1. A schematic view of SOFC components
A schematic view of SOFC components is shown in Figure 1 . A planar SOFC consists of anode gas channel, anode gas diffusion electrode, anode interlayer (active electrode), electrolyte, cathode interlayer (active electrode), and cathode gas diffusion electrode and cathode gas channel. Using component materials in the study are 10mol scandium oxide doped zirconium oxide (ScSZ) for electrolyte, NiO-ScSZ composite materials for anode electrode and LSM-ScSZ composite materials for cathode electrode. The electrochemical reactions are considered to occur at the active regions of the porous electrodes (i.e. interlayer). In a SOFC, oxidant reduction occurs in the active cathode. The oxygen ion is then transported through the electrolyte and then in the active anode oxidation of the fuel occurs by following reactions [25] .
Cathode: ½ 2 +2e
Mass Conservation
The mass conservation equation (or continuity equation) simply requires that the rate of mass change in a unit volume must be equal to the sum of all the species entering (exiting) the volume in a given time period.
( ) + ∇⦁( ) = 0
The above equation is modified and expressed as:
where ρ is the density (kg/m 3 ), U is the velocity (m/s), ε is porosity implemented in this equation to account for porous domains such as electrode and gas channels and Smass is the source term. In the mass conservation equation it has different source terms in different cell zones. At the electrode/electrolyte interface, there are hydrogen/oxygen consumption and water formation. The mass sink and source rate depend on the electrochemical reaction rates. Thus they can be calculated by: (8) where Mw is the molecular weight, i is the current density and F is the Faraday constant (96500 C/mol).
Momentum Conservation
Similarly to the mass conservation equation, we can set up an equation using vector form for momentum conservation as:
where  and µ stand for the shear stress tensor and the fluid dynamic viscosity, respectively. The weakly compressible Navier-Stokes equations govern the flow in the open channels:
In the porous Gas Diffusion Electrode (GDEs), the Brinkman equation describes the flow velocity:
where  and  denotes, respectively, the porosity and permeability (m 2 ) of medium, I is the identity matrix and Q is the mass source term, which relates to the charge transfer current density ict according to:
where Sa is the specific surface area and n stands for the number of moles of electrons transferred. Solving the momentum conservation equation permits us to obtain the pressure (p) distribution of the fluids flowing through the fuel cell.
Species Conservation
The mass conservation and the momentum conservation equations discussed above are used to describe the overall bulk motion of the fluid mixture. In contrast, the species conservation equation describes the differential movement of each individual species within the fluid mixture.
where xi and stand for species mass fraction and effective diffusivity (m 2 /s) of each species i. The material transport is described by the Maxwell-Stefan's diffusion and convection equation. Let ωi be the weight fraction of species i. In the stationary case, the mass balance is governed by;
Where ̿̿̿̿ represents the ij components of the multi-component Fick diffusivity, which is calculated from the Maxwell-Stefan diffusivity, Dij (m 2 /s) as, Fick diffusitvity: = − ̿̿̿̿ (17) Maxwell-Stefan diffusivity:
Where Ji is the diffusion flux (mol/m 2 -s), ct is the total mixture molar concentration (mol/m 3 ), u is the velocity (m/s), is the density of the fluid (kg/m 3 ), p the pressure (Pa), and Ri is the reaction source term for species i (kg/m 3 -s), and xj the molar fraction of species j. The average molecular weight is calculated as;
where Mj is the molar mass of species j (kg/mol). Assume the gas to be ideal, so that the density is given by =
In the open channel, the reaction source term is set to zero. However, in the GDEs, the source term is given by the electrochemical reaction rate. It is calculated from the charge transfer current density according to the
where vi is the stoichiometric coefficient and ni is the number of electrons in the reaction.
Energy conservation
The energy conservation equation describes the thermal balance within the fuel cell.
( ℎ) + ∇⦁( ℎ) = ∇⦁ ∇T + − +̂⦁̂+ (22) where h and k eff stand for enthalpy of fluid flowing through the fuel cell and its effective thermal conductivity respectively. The fluid enthalpy may be calculated based on the species present in the fluid and the fluid temperature, T. The first term on the RHS accounts for the rate of energy change due to thermal conditions.
The second term on the RHS accounts for rate of energy change due to the mechanical work of the fluids. In the last terms on the RHS, , , , stand for overvoltage, current flux vector, electric conductivity and heat sources, respectively. During the electrochemical reaction, the heat source includes the ohmic heat and reaction heat. In different zones, the heat source is different, such as in GDEs, the reaction heat is the primary part; while in electrolyte, ohmic heat is the main heat source. From our basic assumptions the above general equation is simplified as:
where source term
is the effective thermal conductivity (W/m-K), I is the electric current (A), R is the electric resistance (ohm).
Experimental

Response surface methodology (RSM) applied to a single SOFC
The RSM is applied different science field such as chemists, electrochemists and materials. The experiment is designed to allow the estimation of factor interactions. Therefore, it gives an idea about the (local) shape of the investigated response surface. SOFC designs are used to find improved or optimal process settings, troubleshoot process problems and weak points, and to make a product or a process more robust against external and non-controllable influences [26] . RSM consists of a group of mathematical and statistical techniques that can be used to define the relationships between the response and the independent variables and helps researchers to build models, evaluate the effects of several factors and establish the optimum conditions for the desired responses [27] . It is possible to separate an optimization study using RSM into three stages. The first stage is the preliminary work in which the determination of the independent parameters and their levels are carried out. The second stage is the selection of the experimental design and the prediction and verification of the model equation. The last one is obtaining the response surface plot and contour plot of the response as a function of the independent parameters and determination of optimum points [28] .
In this study, the RSM is applied to a SOFC operating at the steady-state for obtaining the power response surface. The design is generated considering four operating parameters (cell temperature, hydrogen flow rate, oxygen flow rate and nitrogen flow rate) with different cases. In addition to analyzing the effects of these variables, by using experimental methodology [29] following mathematical (quadratic) model also is given as below;
Y is the response variable (power density), terms are the main factors (cell temperature '1', hydrogen flow rate '2', oxygen flow rate '3' and nitrogen flow rate '4'), terms are the linear coefficients, 0 term is the constant coefficient, terms are the quadratic coefficients for the variable i and terms are the linear model coefficients for the interaction between the variables i and j. The β's are a set of unknown parameters. To estimate the values of these parameters, we must collect data on the system we are studying.
Because, in general, polynomial models are linear functions of the unknown β's, we refer to the technique as linear regression analysis.
Experimental system
This experimental study has been carried out at Nigde University Department of Mechanical
Engineering. It is shown that geometrical properties of single SOFC fuel cell which was used at the experiment in Table 1 . The experimental system which is shown in Figure 2 provides the control of hydrogen, oxygen and nitrogen flow rates and cell temperature for the cathode and anode. 
Figure 2. Schematic of experimental system
Specification and accuracy properties of experimental apparatus are given in Table 2 
Design of experiments
The Central Composite Design (CCD) in RSM was performed to investigate the effect of four parameters on the fuel cell performance. Cell temperature, hydrogen flow rate, oxygen flow rate and nitrogen flow rate were selected as independent variables and power density of SOFC fuel cell was selected as response variable. The central composite design was implemented using Design-Expert 7.0 [30] Experimental values of the response variables for central composite design are given in Table 3 . Optimization toolbar in the Design Expert 7.0 software was used to determine the maximum power density.The uncertainties for the experimental results are calculated according to the procedure outlined by Kline and
McClintock [31] . The results of the uncertainty analysis are tabulated in Table 4 . Electrical Potential mV ±0.05mV
Results and Discussion
It was used the Design Expert 7.0 software to determine the maximum power density under ambient conditions. While the criteria for the operating environment was determining, the power density was selected as the maximum degree of importance due to the goal is to achieve the maximum power density. In table 5, it is given that parameters selected as independent cell temperature, hydrogen flow rate, oxygen flow rate and nitrogen flow rate is kept within the range of the study. Based on these data, the program provides a maximum power densities values are given in Table 6 . Program recommends that the number 1 test conditions out of the 21 different optimal points. ANOVA results of the model is presented in Table 7 . Figure 3 shows predicted power density versus experimental power density from the model. It proves that the predicted data is in agreement with observed ones in the range of the operating variables.
Because of the strong effect of operating conditions at higher power density, the prediction of power density is better than that of the lower power density. The high value of adjusted R² = 0.9976 indicated that the model fits the observed data well.
Figure 3. Plots of actual vs. predicted results
The effects of cell temperatures and hydrogen flow rate on the power density are shown in Figure   4 . Power density increases with increasing hydrogen flow rate. The response surface of maximum power density reaches at 750C of cell temperature. After 750C of the cell temperature, by increasing of cell temperatures, the power density decreases. In Figure 5 , the power density is shown as a function of oxygen flow rate and cell temperature. As seen in the figure 5, increasing the oxygen flow rate does not cause a significant change in the performance of the fuel cell but reaction rate increases with increasing temperature. Additionally, the increase of temperature, hydrogen transport by increasing the anode diffusion layer contributes to performance.
However, this increase is limited to the high temperature properties of the electrolyte. While the power density decreases, the response increases because of increasing of cell temperature above 750C. In Fig. 6 , the effect of the cell temperature and nitrogen flow rate on the power density are given.
Power density is decreasing with increasing nitrogen flow rate. While the power density decreases, the response increases because of increasing of cell temperature about 720C. 
Conclusions
In this study, a three-dimensional electrolyte supported high temperature (700-800C) planar type SOFC unit model including anode, cathode, electrolyte, fuel, air and interconnect has been developed. The response surface method was applied to the developed model for obtaining of optimum operation conditions.
A design of experiments using Design Expert 7.0 software to find the optimum operating conditions.
The main parameters (cell temperature, hydrogen flow rate, oxygen flow rate and nitrogen flow rate) that heat management of a SOFC were investigated using response surface methodology. This new design was used to obtain the operating conditions that originate the maximum power density.
The main conclusions are drawn as follows:
 It was found that cell temperature and hydrogen flow rate are the basic factors affecting the power density of the solid oxide fuel cell.
 The power density is increased with the cell temperature in the range between 700-750C but decreased between 750-800C.
 Increasing the oxygen and nitrogen flow rate does not cause a significant change in the performance of the fuel cell.
 Maximum power density is observed as 573.43 mW/cm 2 . This value is obtained for hydrogen flow rate is 0.96 L/min., oxygen flow rate is 0.98 L/min. and 772.57 C cell temperature.
